5% FBS and 10% horse serum, and cultivated. The cells were subcultivated every 4 d at a 3 : 1 split ratio by pipetting. The medium was changed 2 d after inoculation.
For differentiation, the undifferentiated cells were inoculated at a density of 5.0ϫ10 3 cells · cm Ϫ2 in 0.2% collagencoated 24-well plastic plates, each well of which contained 1 ml of the 0.5% heat-inactivated horse serum and 200 ng · ml Ϫ1 NGF-supplemented RPMI1640 medium, and cultivated for 5 d. The medium was changed 3 d after inoculation.
Quantification of Cytotoxicity Undifferentiated PC12 cells were inoculated at a density of 5.0ϫ10 4 cells · cm Ϫ2 in 24-well plastic plates, each well of which contained 1 ml of the FBS and horse serum-supplemented medium, and cultivated overnight; the differentiated cells were cultivated for 5 d under the same conditions for differentiation as described above. After removal of the media, cells in each well were washed with 1 ml of calcium and magnesium-free phosphatebuffered saline at pH 7.4, and incubated for 1.5 h in 1 ml of Earle's solution containing a reactive oxygen species or related agent at an appropriate concentration. For inclusion of AMVN, the FBS and horse serum-supplemented medium was used instead of Earle's solution because of its low solubility. A hypoxanthine-xanthine oxidase system was constituted of 500 mM hypoxanthine and an appropriate activity of xanthine oxidase. The % survival of cells was determined by the trypan blue exclusion test.
5) The LC 50 of each oxidative agent is estimated graphically on the survival curves of cells in Fig. 1 .
Administration of a a-Tocopherol or L-Buthionine-(R,S )-sulfoximine to Cells
Before exposure to each oxidative agent, cells were preincubated with a-tocopherol or BSO. aTocopherol was solubilized in ethanol at a concentration of 16.6 mM. Cells were preincubated for 24 h at 37°C either in 24-well plastic plates, each well of which contained 3 ml of the a-tocopherol solution and 1 ml of the FBS and horse serum-supplemented medium, or in collagen-coated 24-well plastic plates, each well of which contained 3 ml of the a-tocopherol solution and 1 ml of the horse serum and NGF-supplemented medium, i.e., 50 mM a-tocopherol.
BSO was dissolved in the RPMI1640 medium at a concentration of 16.6 mM. Cells were preincubated for 24 h at 37°C either in 24-well plastic plates, each of which contained 3 ml of the BSO-supplemented medium and 1 ml of the FBS and horse serum-supplemented medium, or in collagen-coated 24-well plastic plates, each of which contained 3 ml of the BSO-supplemented medium and 1 ml of the horse serum and NGF-supplemented medium, i.e., 50 mM BSO.
Antioxidant Index of a a-Tocopherol-or L-Buthionine-(R,S)-sulfoximine-Preincubated Cells For estimation of the antioxidant capacity of a-tocopherol-or BSO-preincubated cells, the antioxidant index (AI) of these cells is defined as follows:
Thus, AIϾ1 and AIϽ1 mean the increasing and decreasing antioxidant capacities of cells, respectively.
Biochemical Analysis Superoxide dismutase activity was assayed by the method of Oyanagi, 6) catalase activity by that of Del Rio et al., 7) glutathione peroxidase activity by that of Flohé and Günzler, 8) and reduced and oxidized glutathione concentrations by that of Griffith. 9) Protein content was measured by the method of Bradford.
10)
The catalase-catalyzed formation of molecular oxygen from hydrogen peroxide was assayed with an oxygen monitor (model 5300, YSI Inc., Yellow Springs, OH, U.S.A.).
Statistical Analysis Data in Table 2 and Fig. 1 
RESULTS
Figures 1A-G show the survival curves of undifferentiated and differentiated PC12 cells exposed to reactive oxygen species or related agents at different concentrations. Table 1 shows the LC 50 of these oxidative agents for PC12 cells. For the undifferentiated cells, LOOH was highly toxic at an LC 50 of 58.8 mM, and hydrogen peroxide, tert-butyl hydroperoxide, and AMVN were significantly toxic at those of 275, 536, and 412 mM, respectively. Since the LC 50 of AMVN could not be measured because of insolubility at a concentration of more than 300 mM, it was estimated by extrapolation in Fig. 1E . Paraquat and AAPH were slightly toxic. A hypoxanthinexanthine oxidase system also was toxic, although this toxicity is not compared with the toxicity of the other agents directly.
For the differentiated cells, LOOH was highly toxic at an LC 50 of 35.3 mM, and hydrogen peroxide, tert-butyl hydroperoxide, and AMVN were significantly toxic at those of 165, 212, and 300 mM, respectively, while paraquat and AAPH were slightly toxic. The hypoxanthine-xanthine oxidase system also was toxic. It is of great interest that the differentiated cells were more susceptible to the oxidative agents, except AAPH, than the undifferentiated cells. Table 2 shows the activities of superoxide dismutase, catalase, and glutathione peroxidase and the concentrations of total, reduced, and oxidized glutathione in undifferentiated and differentiated PC12 cells. The total superoxide dismutase activity level of the undifferentiated cells was higher on a per-protein-quantity basis than that of the differentiated cells, but much lower on a per-cell-number basis. The catalase activity level of the undifferentiated cells was higher on a percell-number basis than that of the differentiated cells, although the difference between the levels is statistically insignificant on a per-protein-quantity basis. The glutathione peroxidase activity level of the undifferentiated cells was 2-3 times higher than that of the differentiated cells. The GSH concentration level of the undifferentiated cells was higher by 40% on a per-cell-number basis and by 32% on a per-protein-quantity basis than that of the differentiated cells. The oxidized glutathione (GSSG) concentration levels of these cells were similar. The percentages of reduced and oxidized glutathione were 85.4 and 14.6%, respectively, for the undifferentiated cells, and 80.6 and 19.4%, respectively, for the differentiated cells. Further, the total glutatione concentration level of the undifferentiated cells was higher by 37% on a per-cell-number basis and by 27% on a per-protein-quantity (Table 3 ) and differentiated cells (Table 4) which were preincubated with a-tocopherol or BSO was examined. a-Tocopherol lowered the cytotoxicity of the oxidative agents, except that of the hypoxanthine-xanthine oxidase system, toward both the undifferentiated and differentiated cells (AI 1.2-4.8) and, interestingly, also lowered the cytotoxicity of LOOH (3.4 and 4.8, respectively) to a greater extent. In addition, a-tocopherol tended to be more protective toward the differentiated cells than toward the undifferentiated cells. On the other hand, BSO enhanced the cytotoxicity of the oxidative agents (AI 0.19-0.56) except those of hydrogen peroxide, LOOH, and tert-butyl hydroperoxide toward the undifferentiated cells (0.81-0.98).
DISCUSSION
On the basis of the LC 50 's obtained here, the cytotoxicity increases in the following order: LOOHϾhydrogen peroxideϾAMVNϾtert-butyl hydroperoxideϾparaquatϾAAPH. In comparison between these cytotoxicities, however, it should be noted that the reactive species-generating mechanisms of the oxidative agents differ.
LOOH is lipophilic and both hydrogen peroxide and tertbutyl hydroperoxide are amphipathic; all three can be incorporated into cells. Furthermore, LOOH, hydrogen peroxide, and tert-butyl hydroperoxide are converted to oxygen-centered radicals, such as the hydroxyl and alkoxyl radicals, by the aid of iron(II) and/or copper(I) ions.
Both AAPH and AMVN are azo compounds. AAPH is water-soluble and is thought to exist outside cells. AMVN is fat-soluble and is thought to be incorporated into plasma membranes. On thermolysis at ambient temperature, AAPH and AMVN decompose into carbon-centered radicals with release of molecular nitrogen, i.e., the 1-amidino-1-methylethyl radical hydrochloride and 1-cyano-1,3-dimethylbutyl radical, respectively, which are converted to the 1-amidino-1-methylethylperoxyl radical hydrochloride and 1-cyano-1,3-dimethylbutylperoxyl radical, respectively, at almost diffusion-controlled rates in the presence of molecular oxygen. The 1-amidino-1-methylethyl radical hydrochloride and 1-amidino-1-methylethylperoxyl radical hydrochloride derived Fig. 1E because of insolubility at a concentration of more than 300 mM. e) 2,2Ј-Azobis(2-amidinopropane) dihydrochloride. f ) The hypoxanthine-xanthine oxidase system with 500 mM hypoxanthine.
from AAPH are water-soluble. The 1-cyano-1,3-dimethylbutyl radical and 1-cyano-1,3-dimethylbutylperoxyl radical from AMVN are fat-soluble. It has been reported that the rate of radical flux (M · s
Ϫ1
) from AAPH in neutral water at 37°C is 1.36ϫ10 Ϫ6 [AAPH]; 11) a compound between square brackets represents its molar concentration. Thus, 584 nmol of the 1-amidino-1-methylethyl radical hydrochloride is calculated to arise during a 1.5 h-incubation at 37°C in 1 ml of the medium with 79.5 mM AAPH (LC 50 for the undifferentiated cells). If all the radicals produced are accumulated in the medium, the final concentration will be 584 mM. On the other hand, the rate of radical flux (M · s
) from AMVN in acetonitrile at 37°C is estimated to be 3.88ϫ10 Ϫ6 [AMVN], since the rate of radical flux from it at 0.5 mM has been reported to be 1.94ϫ10 Ϫ9 M · s Ϫ1 under the same reaction conditions.
12)
Thus, 8.63 nmol of the 1-cyano-1,3-dimethylbutyl radical is calculated to arise during a 1.5 h-incubation at 37°C in 1 ml of the medium with 412 mM AMVN (LC 50 for the undifferentiated cells). If all the radicals produced are accumulated in the medium, the final concentration will be 8.63 mM. Consequently, AMVN is considered to be extremely toxic and AAPH to be significantly toxic. The difference between their cytotoxicities may result from the difference in their lipophilicities and the lipophilicities of the radicals derived from them. In the presence of molecular oxygen, xanthine oxidase catalyzes initially to convert hypoxanthine to xanthine and, in turn, to convert the xanthine to uric acid. 13) In each oxidation step, both the superoxide radical and hydrogen peroxide are produced. It has been reported that 20% of molecular oxygen consumed is converted to the superoxide radical 14) in the following oxidation of xanthine with xanthine oxidase:
The superoxide radical produced may be converted to hydrogen peroxide and molecular oxygen by superoxide dismutase-catalyzed dismutation and/or spontaneous dismutation. One unit of xanthine oxidase used converts about 0.5 mmol of hypoxanthine to uric acid in 1 min at pH 7.5 at 25°C. 16) Assuming that 2 mol of hydrogen peroxide is yielded in the xanthine oxidase-catalyzed oxidation of 1 mol of hypoxanthine into urate, 8.0 mmol of hydrogen peroxide is calculated to arise during a 1.5 h-incubation at 37°C in 1 ml of the hypoxanthine-xanthine oxidase system containing 500 mM hypoxanthine and 37.2 mU · ml Ϫ1 xanthine oxidase (LC 50 for the 518 Vol. 24, No. 5 undifferentiated cells). If all hydrogen peroxide produced is accumulated in the medium, the final concentration will be 8.0 mM. This is about 29 times as compared with 275 mM to be the LC 50 of hydrogen peroxide. The antioxidant defense of cells appears to efficiently scavenge hydrogen peroxide continuously generated from the hypoxanthine-xanthine oxidase system. From one electron reduction of paraquat, the paraquat cation radical is formed, which is expected to reduce molecular oxygen to the superoxide radical. 17) It has been found that paraquat is actively imported by cells and metabolized with NADPH cytochrome P-450 reductase to the cation radical. 18) The generation rate of the superoxide radical from paraquat may depend on its reduction rate. Table 1 and Fig. 1 show that the differentiated cells were more susceptible to the oxidative agents than the undifferentiated cells. Table 2 shows that the glutathione peroxidase activity and GSH concentration levels of the differentiated cells were much lower than those of the undifferentiated cells, that the catalase activity level of the former was lower on a perprotein-quantity basis, and further that the superoxide dismutase activity level of the former was lower on a per-proteinquantity basis but higher on a per-cell-number basis. Glutathione peroxidase, as well as catalase, scavenges hydrogen peroxide and GSH acts as its substrate. The enhanced susceptibility of the differentiated cells may result from the decreases in glutathione peroxidase activity and GSH concentration. The activities of antioxidant enzymes have been found to be lower in the central nervous system than in other tissues. 19, 20) The increased susceptibility of the differentiated cells might reflect the antioxidant capacity of neuronal cells.
Perez-Polo and his colleagues have reported, however, that as compared wtih undifferentiated PC12 cells, the differentiated cells were more resistant to hydrogen peroxide and their catalase and glutathione peroxidase activities increased. 21, 22) These results are inconsistent with ours. This discrepancy might result from a difference in the experimental conditions used and/or from a difference in the subclones of PC12 cells, because PC12 cells are prone to produce characteristically different subclones. 3) a-Tocopherol acts as a radical scavenger and chain-breaking antioxidant, because it donates its phenolic hydrogen atom to a radical and gives rise to the a-tocopheroxyl radical which is converted to nonradical species. 23 ) By preincubation with a-tocopherol, the antioxidant capacity of cells thus increases. Incidentally, it has been observed that when endothelial cells are preincubated with 50 mM a-tocopherol for 24 h at 37°C, their cellular concentration increases about 80-fold. 24) Tables 3 and 4 show that a-tocopherol is protective against the cytotoxicity of the oxidative agents. a-Tocopherol is more protective against the cytotoxicity of LOOH and less protective against the cytotoxicities of hydrogen peroxide and the hypoxantine-xanthine oxidase system. Both atocopherol and LOOH are highly lipophilic and hence may be considerably retained in plasma membranes. Consequently, a-tocopherol may efficiently scavenge the reactive species derived from LOOH.
On the other hand, BSO inhibits g-glutamylcysteine synthetase. Because g-glutamylcysteine is a precursor of GSH, its cellular concentration is markedly lowered in BSO-preincubated cells. 25) In fact, after preincubation with 50 mM BSO, the intracellular concentration of GSH was reduced by 88.1 and 90.6% in undifferentiated and differentiated PC12 cells, respectively (data not shown). GSH is the substrate of glutathione peroxidase and an abundant biological reductant, which acts as the first line of antioxidant defense. Thus, by preincubation with BSO the antioxidant capacity of cells is decreased. Tables 3 and 4 show that BSO enhanced the cytotoxicity of the oxidative agents. However, BSO had no effects on the cytotoxicities of hydrogen peroxide, LOOH, or tertbutyl hydroperoxide toward the differentiated cells (Table 4) . As shown in Table 2 , the glutathione peroxidase activity and GSH concentration levels of the differentiated cells decreased greatly. It is plausible, therefore, that further decreases in these levels no longer enhance their cytotoxicities.
